Abstract: Apical regions of developing aerial shoots of Psilotum nudum (L.) Beauv. were studied using both scanning electron microscopy (SEM) and light microscopy (LM) with the aim of improving our understanding of early stages in stomatal and epidermal ontogenesis. SEM samples were fixed in gluteraldehyde, critical point dried, and coated with an Au-Pd alloy. LM samples were fixed in FAA and embedded in paraffin. LM sections were stained with 0.05% toluidine blue for protein. SEM shows that P. nudum stomata develop from 20 mm-long domed meristemoid cells into guard cell mother cells (GMCs). A furrow dividing guard cells develops at 30 mm long, and wax deposition that will cover the entire cell begins at 70 mm long. LM longitudinal sections of GMCs show a cytoplasmic protein net that organizes into radial fibers, similar to reports of actin fibers in stomata of angiosperms. This study provides additional details of stomatal development in Psilotum and is the first report of an actin-like protein net in Psilotum.
INTRODUCTION
Psilotum Sw. is included, with the genus Tmesipteris Bernh., in the Psilotaceae, a family comprising rootless, eusporangiate plants sharing a series of morphological and biochemical characters (Takahashi et al. 1990 ). Recent studies have classified these long enigmatic plants as a sister group to the Ophioglossales and Equisetales (Schneider et al. 2009 ).
Morphological and ontogentic types of stomata have been repeatedly classified (Fryns-Claessens and Van Cotthem 1973; Payne 1979; Rassmussen 1981; Baranova 1987) . Stomata in Psilotum are of the haplocheilic type (Pant and Mehra 1963) . Haplocheilic stomata, as first described by Florin (1933) occur when a meristemoid cell [MC] acts as a guard cell mother cell [GMC] and produces the two guard cells by a direct division. Following the classifications of Fryns-Claessens and Van Cotthem (1973) and Payne (1979) , Psilotum stomata belong to the perigenous type (the GMC divides once to form the two guard cells, with the surrounding epidermal cells independently derived from the protoderm) leading to anomocytic stomata (devoid of subsidiary cells).
Previous studies on stomatal development in P. nudum by Zimmermann (1927) illustrated later stages of guard cell development using line drawings of cross and longitudinal sections. Pant and Mehra (1963) employed epidermal peels to demonstrate that the guard cells originate from a single cell. Pant and Khare (1971) illustrated epidermal peels and cross sections of stomata mature axes, stained for lignin and cutin. They distinguish GMCs based on their smaller size and dense cytoplasmic staining of the cytoplasm and nucleus as compared to surrounding cells. Payne (1979) noted that psilopsids show rectate stomatal development. In the type of development seen in psilopsids, radial files of cells are narrow and a GMC is formed from a meristemoid cell within the file. Division of the GMC occurs at the proximal end of the cell, and division into meristemoid and GMC occurs completely across the cell from one lateral wall to the other. At maturity, the guard cells appear to link two successive epidermal cells in the file. The proximal cell is the mesogene and the distal cell is the perigene (Payne 1979) .
Apical regions of developing aerial shoots of P. nudum (L.) Beauv. (Fig. 1) were studied using both light microscopy (LM) and scanning electron microscopy (SEM) with the aim of improving our understanding of early stages in stomatal and epidermal ontogenesis. While the general outline of stomatal development is well known for P. nudum, this report provides new details of these processes revealed by SEM and LM. These approaches have yielded cytological information that has not been reported previously on P. nudum ontogeny. Horticutural Greenhouse. Specimens were fixed in gluteraldehyde in phosphate buffer (0.65 M, pH 7), and dehydrated in a graded ethanol series, critical point dried in CO 2 and coated with ca. 30 nm gold-palladium alloy. Samples for light microscopy (LM) were collected from plants growing in the greenhouse of the Botanical Garden (Orto Botanico) of the University of Naples (Italy), fixed in FAA, (formaline-acetic acid-alcohol: 10-5-50), dehydrated in a a graded ethanol series, and embedded in paraffin with a melting point of 51-53uC. Sections 12 mm thick were stained with 0.05% toluidine blue as a general protein stain.
MATERIALS AND METHODS

Samples
RESULTS
As stomatal development begins, the MC and GMC are in a single narrow file of cells (Fig. 1, M) . Upon maturity, the guard cells are flanked laterally by two elongate epidermal cells in files lateral to the guard cells, distally by a single epidermal cell (the MC) and proximally by two or occasionally one elongate epidermal cells (Figs. 7, 8, 11 ) for a total of four-five surrounding cells. Oblique mitosis (Fig. 4) , leading to epidermal cells with a trapezoidal outline, is visible in longitudinal sections (Fig. 5 at T) .
The first identifiable stage of stomatal development occurs at about 0.5 mm from the axis apex with the SEM observation of 20-mm long domed guard cell mother cells (GMCs) (Fig. 1 at M) . LM images of longitudinal sections of the apex show protruding cells at ca. 50 mm long (Fig. 2 at arrow). Developing guard cells become clearly recognizable due to an unusual hourglass-like appearance (Fig. 6 ) and presence of a sub-stomatal chamber (Fig. 6 at arrow). First detection of a furrow dividing the guard cells appears when the cells are ca. 30 mm long (Fig. 1 at  D) . Stomatal cells sink during developmental stages and mature stomata are slightly sunken on the epidermis (Figs. 6, 7, 8 ). Mature stomata are ca. 75-85 mm long by ca. 30 mm wide (Figs. 7, 8, 11) ; epidermal cells are ca. 150-180 mm long by 25-30 mm wide (Fig. 11) . Deposition of epicuticular wax that will cover the entire stomatal aperture begins in 70 mm long stomata (Figs. 7, 8 ). The net of epicuticular wax is composed of threads 0.3 mm thick (Fig. 9) . (Figs. 7, 8 ). Epidermal cells are raised, giving the epidermal surface an overall rugose appearance (Figs. 1, 7, 8) . The cellular surface of epidermal cells is smooth with epicuticular wax absent except on the stomata (Figs. 1, 7, 8) .
Chlorenchyma cell walls in early developmental stages show unusual undulations (Fig. 5 at U, 6 , 10 at U, 11 at U). These cell wall undulations are more visible in cells of mature chorenchyma seen in paradermal section (Fig. 11 left and right) .
Within the developing guard cells, toluidine blue stain density increases during growth (Figs. 2 at arrow, 3 and 6). Staining shows the presence of a cytoplasmic protein net surrounding the nucleus and filling nearly the entire cell (Figs. 3 at arrows and 6 ). The cytoplasmic net has a random appearance in some guard cells observed in longitudinal section (Fig. 3 at arrows, Fig. 6 left) , while in other guard cells it has a more radial appearance (Fig. 6, right) .
DISCUSSION
Past studies of stomatal development in Psilotum have been carried out principally by epidermal peels or occasionally cross sections, using light microscopy. The current study shows surface features and demonstrates the development of details, such as the division furrow and epistomatal wax, not previously illustrated. The GMC develops as a small dome that enlarges, forms a furrow, descends to develop into a slightly sunken stoma and secretes epistomatal wax. This provides a clearer picture of stomatal development in Psilotum.
The cell wall undulations of chlorenchyma underlying the epidermal dells are undoubtedly a mechanism for developing air spaces within this internal tissue. The presence of an oblique mitotic spindle probably leads to the formation of epidermal cells with a trapezoidal outline visible in the longitudinal section of the aerial axis.
The cytoplasmic net was observed after staining with toluidine blue, commonly used as a general protein stain. This net was detected only in the cytoplasm of developing guard cells but not in surrounding epidermal cells and is undoubtedly involved as an organizer of the cell morphology during the maturation of stomata. Actin is well known in several angiosperms and has been reported in a fern, Asplenium nidus Galatis 1998, 1999; Apostolakos et al. 1997) , to regulate stomatal movement (Gao et al. 2008; Dzierz_ynska 2006) and stomatal development (Dzierz_ynska 2006) . While genes for actin are known to occur in Psilotum , and actin has been shown to occur in developing and mature spores (Tchorzewska and Bednara 2011) , the presence of actin has not been demonstrated in stomata. The protein cytoplasmic net observed in the present study is virtually identical to those observed in recent studies of stomata in angiosperms (e.g., Wang et al. 2011; Gao et al. 2008) . Gao et al. (2008) showed that in closed stomata the actin microfiber arrays were randomly arrayed in a net-like pattern, while in open stomata, the microfibers were radially arrayed. The protein cytoplamic net shows both random and radial patterns that are nearly identical to those observed in angiosperms. These observations demonstrate that stomata in Psilotum are probably regulated in a manner similar to angiosperms (Dzierz_ynska 2006) and A. nidus Galatis 1998, 1999; 
